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Abstract 10 
Flexibility in the manufacturing of cold-formed steel (CFS) cross-sectional shapes provides a unique 11 
opportunity to improve the load-carrying capacity of these elements, leading to more efficient and 12 
economic structural systems. This paper presents a practical constrained optimization methodology for 13 
pin-ended anti-symmetric CFS beam-columns members with different lengths subjected to various 14 
combinations of axial compression and bending moment. The optimization process is carried out using a 15 
Genetic Algorithm (GA) with respect to buckling resistance of CFS elements determined according to the 16 
Direct Strength Method (DSM). In total, 132 CFS beam-columns with three different lengths (1000, 2000 17 
and 3000 mm) and eleven different cross-sections are optimized under concentrically compressive loads 18 
with different levels of eccentricities varying from 0 to 30 mm. Each cross-section is formed using a 19 
certain number of fold-lines of steel plate, while the length and angle of the constituent elements of the 20 
cross-section are considered as the main design variables. To provide more practical beam-column 21 
elements, end-use constraints as well as a range of practical manufacturing and construction limitations 22 
are imposed on the selected cross-sections during the optimization process. A standard commercially 23 
available anti-symmetric Z section is taken as a starting point of optimization and used to assess the 24 
efficiency of the optimized sections. The results show that, for the given plate width and thickness, the 25 
adopted optimization process can significantly increase the strength of beam-column members on 26 
average 62%, 92%, and 188% for the short, medium and long length elements, respectively, compared to 27 
those with the standard section. It is also demonstrated that using more complex cross-sectional shapes 28 
does not necessarily provide higher strength for beam-column members. Finally, to verify the efficiency of 29 
the optimized sections, detailed nonlinear finite element models are developed using ABAQUS software. 30 
The developed models should prove useful for the efficient design of CFS beam-column elements in 31 
practice.  32 
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1 Introduction 36 
Cold-formed steel (CFS) structural elements are manufactured from thin steel plates using either press-37 
brake or rolling machine. CFS is capable of providing unique advantages such as lightweight, high 38 
strength-to-weight ratio, ease of handling and transportation, unrivalled construction speed, flexibility in 39 
forming of cross-sectional profiles and recyclability. Therefore, the use of CFS elements as the main load-40 
bearing structural components is gaining more popularity in the modern construction industry. Under 41 
some load conditions, the CFS structural members can be subjected to combined axial compression and 42 
bending moment (known as beam-column elements). The strength and failure mode of CFS beam-column 43 
elements are highly dependent on the cross-section stress distribution generated by combined 44 
compression and bending actions [1-5]. In practical situations, the bending moment applied on the 45 
compression elements are resulted from (i): axial compressions with eccentricity (e.g. wall studs in ledger 46 
framing systems), (ii): combined axial compressions and end moments (e.g. moment-resisting frames), 47 
(iii): combined axial compressions and distributed transverse loads (e.g. CFS structures under lateral load 48 
actions). In the absence of either axial compression or bending moment, CFS elements behave as a pure 49 
beam or column, respectively. However, due to the existence of inevitable imperfections in framed 50 
structures, all CFS members generally act as beam-column elements. 51 
Experimental and numerical studies previously investigated the structural behaviour of CFS beam-column 52 
elements subjected to various load combinations. An experimental program has been conducted by 53 
Torabian et al. [1, 2] to evaluate the buckling behaviour and failure mechanism of CFS beam-columns with 54 
Z and lipped channel sections subjected to axial force and bi-axial moments. The results were then used 55 
to assess the reliability of the North American design standard (AISI-S100-12) [6], for predicting the 56 
strength of beam-columns, and to improve the current specification approach which utilizes a simple 57 
linear and conservative interaction equation. Experimental investigations were also conducted in other 58 
studies on cold-formed stainless steel beam-columns with Square Hollow Section (SHS) and Rectangular 59 
Hollow Section (RHS) [3, 4, 7]. It was demonstrated that while the codes’ predictions are generally 60 
conservative, the European code [8] provides quite conservative predictions for the beam-column 61 
specimens compared to the American Specification [9] and Australian/New Zealand Standard [10] 62 
predictions. 63 
Numerous research focused to improve the behaviour of CFS elements (i.e. beam and column) in terms of 64 
strength, stiffness, and energy dissipation by taking advantage of the high flexibility in their cross-65 
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sectional shape. This was achieved through optimization of the cross-sectional shapes for two different 66 
cases: (i) without any limitations on the general shape of the cross-section (i.e. unconstrained shape 67 
optimization) [11-17], (ii) with a predefined cross-sectional shape (i.e. constrained shape optimization) 68 
which is more practical and manufacturable [18-34]. Different optimization techniques have been used to 69 
achieve the optimum solutions for the CFS members including Genetic Algorithm (GA) [14, 17, 21, 27], 70 
Particle Swarm Optimization (PSO) [28, 31, 35], simulated annealing and gradient-based steepest descent 71 
method [12], Graph Theory and Ant Colony [15], Direct Multi-Search (DMS) [16], Hough Transform [30] 72 
and Big Bang-Big Crunch (BB-BC) [34]. It was reported by Ye et al. [28] that the flexural strength of CFS 73 
beam elements with standard commercially available sections can be significantly increased by only 74 
changing the dimensions of the cross-sections. Besides, Ye et al. carried out optimization process on a 75 
wide range of cross-sectional shapes with folded-flanges and edge and intermediate stiffeners [35] in 76 
order to further increase the flexural capacity of the CFS beam. Mojtabaei et al. [34] improved the 77 
stiffness and strength of CFS beam elements at serviceability and ultimate limit state conditions by using 78 
the BB-BC algorithm, respectively. CFS beam sections were also optimized for maximum energy 79 
dissipation to increase the seismic characteristics of the commercially available section and subsequently 80 
make them competence in seismic applications [32]. The results of unconstrained shape optimization on 81 
CFS columns [26] illustrated that the axial compressive strength can be considerably enhanced (up to 82 
140%) compared with the benchmark cross-section, while this enhancement reaches 49% for those with 83 
practical constraints [27]. Based on the results of constrained shape optimization on CFS column, Lee et 84 
al. [24] recommended optimum design curves for the various levels of axial load. In another study 85 
conducted by Ye et al. [31], the compressive capacity of the CFS lipped channel was optimized by 86 
considering the interactive local and flexural buckling modes. More recently, a coupled optimization 87 
framework at the element and structural levels was developed by Phan et al. [36] to find the optimum 88 
solutions for the CFS portal frames. They also conducted shape optimization to improve the flexural 89 
capacity of the CFS beam members used in bolted moment connections by taking into account the 90 
bimoment effects [37]. 91 
While CFS beam-column elements can be manufactured from simple C and Z sections to more complex 92 
shapes due to their great flexibility in forming process [38], a limited number of studies focused on the 93 
optimization of CFS beam-column members under different load combinations. In of the few available 94 
studies, Wang et al. [17] and Parastesh et al. [39] carried out optimization process on the CFS beam-95 
column members with singly-symmetric open cross-sections to enhance their strength.  96 
This study aims to provide a constrained optimization methodology for pin-ended anti-symmetric CFS 97 
beam-columns members subjected to various combinations of axial compression and bending moment. 98 
This can be cumbersome as the strength of a CFS member is controlled simultaneously by local, 99 
distortional and global buckling modes. The optimization process is carried out using the GA method with 100 
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respect to buckling resistance of CFS elements determined according to the Direct Strength Method 101 
(DSM) [40]. To investigate the effect of different key design parameters, eleven cross-sections with 102 
different number of fold-lines (i.e. 4, 6, 8, 10, 12), three different element length (i.e. 1, 2, 3 m), and four 103 
different levels of load eccentricities (i.e. 0, 10, 20, 30 mm) are considered for the beam-column 104 
members. The length and angle of the constituent elements of the cross-sections (i.e. strips) are 105 
considered as main design variables during the optimization process. The capacities of optimized beam-106 
column members are compared to those with the standard Z sections to assess the efficiency of the 107 
proposed optimization methodology. Subsequently, detailed nonlinear Finite Element (FE) models are 108 
developed using ABAQUS software [41] to validate the calculated strength of the optimized sections and 109 
provide efficient tools for practical design of these sections.  110 
2 Constrained optimization procedure 111 
In this section, the optimization procedure of beam-column members is described in detail, including the 112 
cross-section design variables, end-use and manufacturing constraints, strength calculation according to 113 
DSM [40], optimization algorithm and definition of the optimization problem. 114 
2.1 Constituent strips of the cross-section 115 
Anti-symmetric cross-sections are generally formed using different number of fold-lines during the 116 
manufacturing process. Fig. 1 shows a typical CFS anti-symmetric cross-section consisting of six possible 117 
locations of the fold-lines. The cross-section was drawn on the XY plane and the origin of the coordinate 118 
system is placed on the free edge of the first strip (see Fig. 1). The axis of anti-symmetry was positioned at 119 
the mid-web height parallel to the x-axis. Since in this study the coil width and thickness of the steel plate 120 
is assumed to be constant, the capacity of CFS beam-column member mainly depends on the cross-121 
sectional shape. Therefore, the main design variables were considered to be the width of the strips (𝑙𝑖) 122 
and the angle of the strips (𝜃𝑖). It should be noted that 𝜃𝑖 is taken as the angle between the 𝑖
𝑡ℎ stip and 123 
the extension of (𝑖 − 1)𝑡ℎ stip except for 𝜃1, which is the angle between the first strip and the x-axis as 124 






Fig. 1. Typical anti-symmetric cross-section with the selected design variables 127 
The CFS cross-sections were characterized by the vectors 𝑙 and 𝜃, which indicate the lengths and angles of 128 
the strips, respectively:      129 
𝜃 = [𝜃1, 𝜃2, … , 𝜃2𝑛]                                                                                                                                                      (1) 130 
𝑙 = [𝑙1, 𝑙2, … , 𝑙2𝑛]                                                                                                                                                          (2) 131 
where 𝑛 is the number of constituent strips for half of the cross-section which is given by: 132 
𝑛 = 𝑛𝑤 + 𝑛𝑓 + 𝑛𝑙                                                                                                                                                          (3) 133 
where 𝑛𝑙, 𝑛𝑓 and 𝑛𝑤 are the number of constituent strips of the lip, the flange and the web for half of the 134 
cross-section, respectively. By considering that one roller is required to form each of the non-zero angles 135 
(i.e. fold-lines), the relation between the number of rollers (𝑛𝑟𝑜𝑙𝑙) and the total number of strips (2𝑛) is as 136 
follows: 137 
𝑛𝑟𝑜𝑙𝑙 = 2𝑛 − 2                                                                                                                                                              (4) 138 
The total coil width of the steel plate (𝑊) is therefore defined by: 139 
𝑊 = ∑ 𝑙𝑖
2𝑛
𝑖=1                                                                                                                                                                    (5)  140 
2.2 Practical constraints and implementation  141 
To ensure the optimal cross-sections are feasible and practical, the following end-use and manufacturing 142 
constraints are imposed on the constituent strips (𝑙) and their angles (𝜃): 143 
a) Cross-sectional shape:  The basic overall shape of all cross-sections are limited to anti-symmetric Z 144 
shape section. Therefore, it is required to avoid overlapping of the cross-sectional strips. In this study, to 145 











the cross-sections. Considering that the sections are anti-symmetric, for the other half of the cross-147 
section the length and angle vectors are given by [26]: 148 
𝑙2𝑛−𝑖+1 = 𝑙𝑖+1                                                         (6) 149 
𝜃2𝑛−𝑖+1 = −𝜃𝑖+1                                                          (7) 150 
where 𝑖 = 1,2, … ,
𝑛𝑟𝑜𝑙𝑙
2
  151 
b) Utility pass-through: The distance between the free edges of the bottom and the upper lips in the y-152 
direction (dc in Fig. 1) was required to be at least 25 mm to allow the building utilities to be positioned 153 
inside the roofing system as suggested by Leng et al. [15]. The central vertical strip (i.e. web) was also set 154 
to have a minimum height of 50 mm and restricted to be perpendicular to the flange in order to facilitate 155 
perforation and installation of the utilities. It should be noted that, at the point of symmetric (i.e. mid 156 
web), the angle between the connected strips was equal to zero (𝜃n+1 = 0).  𝜃𝑛 and 𝜃n+1 are both 157 







                                                                                                                                              (8) 159 
In the above equation, if 𝑛 < 𝑛𝑙 + 𝑛𝑓 + 2, the term ∑ 𝜃𝑖
𝑛−1
𝑛𝑙+𝑛𝑓+1
 is taken to be zero. 160 
c) Ease of connection: The flange strips of the cross-sections are considered to be always parallel to x-161 
axis, and are taken to have a minimum width of 25 mm. It should be noted that the bottom flange strip 162 
has lower y-coordinate than the other strips, in order to facilitate the attachment of deck and plywood 163 
boards to this member as suggested by Leng et al. [15]. In this study, the number of flange strips is always 164 
equal to one (𝑛𝑓 = 1). The flange angle is also a dependent variable which can be obtained using the 165 
following equation: 166 
𝜃𝑛𝑙+1 = −π− ∑ 𝜃𝑖  
𝑛𝑙
𝑖=1                                                                                                                                               (9)      167 
d) Strip width: To make feasible and practical cross-sections, a sufficient length for each strip is imposed 168 
on the cross-section. It was recommended by the industrial collaborator of this project to restrict the 169 
minimum length of strips to 10 mm. 170 
e) Rounded corner: The value of the radius-to-thickness ratio of the rounded corners is taken to be 3t 171 
(where t is the thickness of plate element) as suggested by AISI-S100-16 [40]. 172 
f) Manufacturing constraints: In this study,  it is assumed that an even number of rollers between 4 and 173 
12 are used to manufacture the anti-symmetric cross-sections. In practice, the maximum number of the 174 
lip strips (𝑛𝑙,max ) is taken based on the number of the available rollers. Therefore, by considering the Eqs. 175 
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(4) and (5), 𝑛𝑙,max  is equal to 1, 2 and 3 when the number of half cross-section strips (𝑛) is 3, 4 and 5, 176 
respectively.    177 
2.3 Design of CFS members based on DSM 178 
The popular Direct Strength Method (DSM) is adopted by the North American Specification for the design 179 
of CFS structural members (AISI) [40] to predict the load-carrying capacity of the CFS elements by using 180 
the concepts of computational stability analysis. Based on this method, the elastic local (𝑃𝑐𝑟𝑙  and 𝑀𝑐𝑟𝑙), 181 
distortional (𝑃𝑐𝑟𝑑 and 𝑀𝑐𝑟𝑑) and global (𝑃𝑐𝑟𝑒 and 𝑀𝑐𝑟𝑒) buckling loads are first calculated using finite strip 182 
method. The buckling resistance values of the CFS member for different types of instabilities are then 183 
directly predicted by using a series of simple empirical equations. The main advantage of this method 184 
over the conventional effective width method is to use gross cross-section properties in the calculation 185 
process instead of considering the effective properties, which is computationally cost-effective especially 186 
for complex cross-sections. The elastic buckling resistance of CFS elements can be then determined using 187 
finite strip software such as CUFSM [42]. Fig. 2 illustrates the different types of buckling modes which may 188 
be captured in CFS elements. 189 
  190 
                                                                       (a)                   (b)                     (c) 191 
Fig. 2. Types of buckling modes: (a) local, (b) distortional, (c) global 192 
2.3.1 Buckling resistance of the member under axial compressive load 193 
Based on AISI [40], axial compressive resistance for global buckling is determined using compressive yield 194 
load 𝑃𝑦 = 𝐴𝑔𝑓𝑦 and slenderness ratio 𝜆𝑐 = √𝑃𝑦/𝑃𝑐𝑟𝑒 (where 𝐴𝑔 is the gros cross-sectional properties, 𝑓𝑦 195 









2 ) 𝑃𝑦               𝑓𝑜𝑟 𝜆𝑐 > 1.5
                                                                                                              (10) 197 
AISI takes into account the local-global interaction mode through local-global slenderness ratio 𝜆𝑙 =198 
√𝑃𝑛𝑒/𝑃𝑐𝑟𝑙, and therefore, the nominal axial resistance for local buckling is defined by [40]: 199 
{
𝑃𝑛𝑙 = 𝑃𝑛𝑒                                                                    𝑓𝑜𝑟 𝜆𝑙 ≤ 0.776










𝑃𝑛𝑒               𝑓𝑜𝑟 𝜆𝑙 > 0.776
                                                                      (11) 200 
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The nominal axial resistance for distortional buckling is expressed in terms of distortional buckling 201 
slenderness ratio 𝜆𝑑 = √𝑃𝑦/𝑃𝑐𝑟𝑑: 202 
{
𝑃𝑛𝑑 = 𝑃𝑦                                                                    𝑓𝑜𝑟 𝜆𝑑 ≤ 0.561










𝑃𝑦               𝑓𝑜𝑟 𝜆𝑑 > 0.561
                                                                   (12)                            203 
The nominal axial resistance of the compression member (𝑃𝑛) is then calculated by using the minimum 204 
value of the resistances determined in Eqs. (10) to (12). 205 
2.3.2 Buckling resistance of the member under bending 206 
The nominal flexural resistance is determined in terms of the flexural yield moment 𝑀𝑦 = 𝑊𝑦𝑓𝑦 and the 207 
elastic critical lateral-torsional 𝑀𝑐𝑟𝑒 (where 𝑊𝑦 is the elastic section modulus): 208 
{







)               𝑓𝑜𝑟 2.78𝑀𝑦 > 𝑀𝑐𝑟𝑒 > 0.56𝑀𝑦
𝑀𝑛𝑒 = 𝑀𝑦                                                                    𝑓𝑜𝑟 𝑀𝑐𝑟𝑒 ≥ 2.78𝑀𝑦
                                                          (13) 209 
The nominal flexural resistance for local buckling considering local-global interaction is also expressed as a 210 
function of  local-global slenderness ratio 𝜆𝑙 = √𝑀𝑛𝑒/𝑀𝑐𝑟𝑙: 211 
{
𝑀𝑛𝑙 = 𝑀𝑛𝑒                                                                    𝑓𝑜𝑟 𝜆𝑙 ≤ 0.776










𝑀𝑛𝑒               𝑓𝑜𝑟 𝜆𝑙 > 0.776
                                                                  (14) 212 
The nominal flexural resistance for distortional buckling is determined using distortional buckling 213 
slenderness ratio 𝜆𝑑 = √𝑀𝑦/𝑀𝑐𝑟𝑑: 214 
{
𝑀𝑛𝑑 = 𝑀𝑦                                                                    𝑓𝑜𝑟 𝜆𝑑 ≤ 0.673










𝑀𝑦               𝑓𝑜𝑟 𝜆𝑑 > 0.673
                                                               (15)                            215 
The nominal flexural resistance of the CFS member (𝑀𝑛) is then obtained from the minimum value of the 216 
resistances determined in Eqs. (13) to (15). 217 
2.3.3 Buckling resistance of the beam-column member under combined axial compressive load 218 
and bending 219 
AISI recommends two linear interaction equations for the CFS members under combined axial 220 


















≤ 1.0                                                                         (17) 223 
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In the above equations 𝑃, 𝑀𝑥 and 𝑀𝑦, are defined as the applied axial compression load and bending 224 
moments about the x and y-axes, respectively. 𝐶𝑀 = 0.6 − 0.4 (
𝑀1
𝑀2
) is the moment gradient factor about 225 
x- or y-axis, where 𝑀1 and 𝑀2 are the ratio of the smaller to the larger moment at the two ends of the 226 
member. 𝛼 is the moment amplification factor (about x- or y-axis) determined by : 227 
𝛼 = 1 −
𝑃
𝑃𝐸




 is the elastic buckling load.   229 
2.4 Implementation of the GA 230 
In this study, a Genetic Algorithm (GA) is used to find the best solution for the optimization problem. GA 231 
was initially developed according to the principles of natural evolution, where potential solutions are 232 
evolved using certain selection rules to find the optimal answer for an optimization target (i.e. fitness 233 
function) [43, 44]. To this end, an initial population of chromosomes is first generated, in which each 234 
chromosome represents a potential candidate to the problem. The generated chromosomes are then 235 
assessed according to the optimization target, and the best candidates (i.e. with greater fitness function 236 
values) possess a higher chance of reproduction. The formulation of the chromosome assessment plays 237 
an important role to obtain faster convergence and consequently reduce computational cost. In this 238 
study, the objective function is subjected to linear inequality constraints and bounds. Therefore, the 239 
optimization constraints can be satisfied at every generation by randomly selecting the input design 240 
parameters (i.e. constituent strips and their angles) within their acceptable range. A summary of the 241 
Genetic Algorithm used in this study is given in Fig. 3, where feasible cross-sections were generated by 242 
implementing the selected design constraints 243 
In this study, the population size and the number of generations were selected equal to 80 and 100, 244 
respectively. The criterion for terminating the program is a predefined total number of generations. 245 
Crossover rate of 𝑟𝑐 = 0.8 and mutation rate of 𝑟𝑚 = 0.02 were taken in the optimization process. The 246 
“roulette wheel” method was used to select parents, while a single point crossover was employed to 247 




Fig. 3. Flowchart of the optimization process using GA  250 
2.5 Problem definition  251 
The main objective of the optimization process is to find the best design solutions for the strength of the 252 
pin-ended CFS beam-column members with anti-symmetric cross-sectional shapes under various 253 
combinations of axial compressive load and bending moment. To take into account the effect of various 254 
buckling modes in the optimization process, eleven different cross-sectional shapes and three different 255 
element lengths (1000, 2000 and 3000 mm) were selected in this study. The number of rollers and lip 256 
strips were considered as the key independent design parameters for the cross-sectional shape. Hence, 257 
the selected cross-sections were formed using a different number of rollers (𝑛𝑟𝑜𝑙𝑙 = 4, 6, 8, 10 𝑎𝑛𝑑 12) 258 
and lip strips (𝑛𝑙 = 1, 2, 𝑎𝑛𝑑 3), while the number of strips for web and flange were taken equal to 𝑛𝑤 =259 
1, 𝑛𝑓 = 1, respectively. Table 1 lists the selected cross-sections identified with two numbers, where the 260 
first value stands for the number of rollers (𝑛𝑟𝑜𝑙𝑙) and the second one indicates the number of lip strips 261 
(𝑛𝑙). A standard commercially available z-shape section, as shown in Fig 4, was used as a benchmark to 262 
evaluate the efficiency of the optimization results. The total coil width and the thickness of the steel plate 263 
were selected to be 𝑊 = 320 mm and 𝑡 = 1 mm, respectively. The elastic modulus, the Poisson's ratio, 264 




The interactive compression-bending strength of CFS members was determined according to DSM [40]. In 267 
this study, the interaction of axial compression and bending was provided by applying eccentric 268 
compressive load (𝑃) with different levels of eccentricity (𝑒) varying from 0 to 30 mm with 10 mm 269 
intervals. It was assumed that the excentricity was placed on the minor axis (y), and therefore, the major 270 
axis bending moment was generated about x-axis (𝑀𝑥),  as shown in Fig. 4. 271 




) . 𝑃2 + (𝑀𝑛𝑥 + 𝑃𝑛𝐶𝑚𝑥 𝑒 +
𝑃𝑛𝑀𝑛𝑥
𝑃𝐸




= 0                                                                                                                                                         (20) 274 
where the lower value of 𝑃 is taken as the capacity of the beam-column member. Therefore, the 275 
optimization fitness function, which is the function of the width and angle of the cross-section strips, is 276 
given by: 277 
maximize {𝑃(𝑙, 𝜃)}                                                                                                                                                    (21) 278 
where 𝑃(𝑙, 𝜃) is the minimum of Eqs. (19) and (20). 279 
 280 
Fig. 4. Selected CFS beam-column cross-section shape 281 
In this study, the optimization procedure was carried out using the following steps: 282 
1) The number of rollers (𝑛𝑟𝑜𝑙𝑙), lip strips (𝑛𝑙) and flange strips (𝑛𝑓) were first specified for the half cross-283 
section. The number of web strips (𝑛𝑤) and the total number of strips in the whole cross-section (2𝑛) are 284 
then calculated by using Eqs. (4), (5).  285 
2) The adopted optimization algorithm (GA) randomly generated the half cross-section using the two 286 
vectors of design variables, including length (𝑙) and angle (𝜃), by considering the imposed design 287 





3) The GA was linked to CUFSM software [42] to determine the elastic buckling resistance of CFS element 289 
with the generated cross-section. It should be noted that the calculation of elastic buckling loads is not 290 
straight forward using Finite Strip Method when no local minimum exists, especially for the irregular 291 
cross-sectional shapes. Since Finite Strip analysis normally leads to one or no local minimum, it is not 292 
capable of identifying the local/distortional buckling stresses. Therefore, the constrained Finite Strip 293 
Method has been adopted in this study to automatically obtain pure buckling modes (i.e. local and 294 
distortional) [45, 46]. For such cases, the method proposed by Gilbert et al. [13] can be also used to 295 
estimate elastic buckling loads during the optimization process.  296 
4) The DSM [40] was adopted to calculate the axial compression capacity (𝑃𝑛) and the flexural strength 297 
(𝑀nx) of the selected beam-column element. 298 
5) The buckling capacity of the beam-column member (𝑃) was calculated using either Eqs. 19 and 20, 299 
whichever results in a lower value. Subsequently, this loop was continued until convergence (or the 300 
maximum number of generations) was achieved.  301 
3 Optimization results and discussions 302 
The optimization process was carried out on the cross-sections discussed in section 2.5 by developing 303 
two distinct MATLAB codes [47] for the DSM calculations and the GA optimization. The purpose of the 304 
optimization process was to find the optimum shapes of the selected cross-sections, which were defined 305 
in terms of the lengths and angles of the cross-sectional constituent elements (i.e. strips). Each cross-306 
section was optimized five times to guarantee that the best solution has been achieved. The results 307 
demonstrated that the differences between the results of the five runs were negligible (less than 1%). 308 
During the process of optimization, the convergence was obtained after approximately 50 generations for 309 
all selected cross-sections. As an example, the iteration history of the optimization process for 1000 mm 310 
beam-column members with 10-1 cross-section and e=0  is shown in Fig. 5, where the convergence is 311 
achieved after 47 iterations. 312 
 313 
Fig. 5. Iteration history of the optimization process for 1000 mm beam-column members with 10-1 314 
cross-section and e=0  315 
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Tables 1 and 2 show the optimal shape of eleven different cross-sections that resulted in the best 316 
design solutions for the beam-column members with short, medium and long length (i.e. 1000, 2000 and 317 
3000 mm, respectively) under different load combinations (i.e. different eccentricity levels). As can be 318 
seen, all the imposed practical constraints have been satisfied in the obtained optimum cross-sections. 319 
Besides, it is shown that for the given number of foldings and lip strips, the optimum cross-sectional 320 
shapes were affected by the element length and value of eccentricity. For the members with the short 321 
length, a meaningful trend can be seen for the optimum shapes of the sections, in which the cross-section 322 
tend to have a more spread shape when the eccentricity increases. This is especially evident for the 6-1, 323 
6-2, 8-1, 10-2 and 12-2 cross-sections.  It can be noted that for the medium and long length members, the 324 
general shape of the optimum solutions was less affected by increasing the eccentricity. This can be 325 
attributed to the dominant behaviour of the global buckling modes for the longer elements. 326 
Tables A1 to A3 in the appendix list the calculated web heigh of the standard Z and optimum sections 327 
(ℎ) as well as their cross-sectional properties including moments of inertia about x- and y-axes (𝐼𝑥, 𝐼𝑦) and 328 
principal axes (𝐼1, 𝐼2), and warping coefficient (𝐶𝑤). It should be noted that the AISI [40] stipulates to 329 
employ the principal moment of inertia through the calculations of global buckling resistance. These 330 
tables also show the nominal buckling resistances of the elements for pure compression (𝑃𝑛) and pure 331 
bending moment (𝑀𝑛𝑥) along with their corresponding dominant buckling modes, and the strength of the 332 
beam-columns (𝑃) for the predefined eccentricity levels (e). In the tables, the letters L, D, and L-G denote 333 
local, distorional and local-global buckling modes obtained from elastic buckling analysis using CUFSM 334 
[42]. As expected, while cross-sectional instabilities (i.e. local, distortional) were dominant for the short 335 
members, the global buckling mode governed the design when the ratio of the member length to the 336 
cross-sectional height (𝐿/ℎ) is increased. In addition, the possibility of local and distortional buckling was 337 
increased by increasing the length of the lip strips (i.e. the width-to-thickness ratio of the plates) and the 338 
number of lip strips, respectively. 339 
The results of strength ratios of the beam-column members with different optimized cross-sections 340 
over those with the standard section (𝑃/𝑃𝑠𝑡𝑎𝑛) for 1000 mm, 2000 mm and 3000 mm element lengths 341 
are shown in Figs. 6, 7 and 8, respectively. It can be seen that increasing the number of lip strips can 342 
generally improve the optimized results for long beam-columns, while this is not necessarily the case for 343 
the short and medium length elements. This implies that increasing the number of lips in the optimum 344 
sections increases the global buckling resistance, which governs the results in the long length elements. 345 
Besides for the case of short and medium length elements, since each optimized beam-column fails in a 346 
different buckling mode (see Tables A1, A2, and A3), a general trend cannot be seen for the results of 347 











Table 2. Optimized cross-sections for 2000 mm and 3000 mm long beam-columns. 355 
   356 
2000 mm length 3000 mm length 
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For better comparison, the capacities of the optimized beam-column elements to the standard Z 357 
section for different levels of load eccentricity are presented in Fig. 9, based on the average of the results 358 
for each member length. It can be seen that, on average, the eccentricity of the load did not considerably 359 
influence the efficiency of the optimization process. The results also show that, for the given plate width 360 
and thickness, the adopted optimization process can significantly increase the strength of beam-column 361 
members (𝑃) on average 62%, 92%, and 188% for the short (i.e. 𝐿 = 1000mm), medium (i.e. 𝐿 =362 
2000mm) and long (i.e. 𝐿 = 3000mm) length elements compared to those with standard Z section, 363 
respectively. This implies that, in general, increasing the length of the beam-column members leads to a 364 
noticeable increase in the efficiency of the optimization. A similar conclusion has been previously 365 
reported by Ye et al. [31] for C channel columns under pure axial compression load. For the members with 366 
long length, since the optimized elements experienced an approximately similar type of instability (i.e. 367 
global buckling), the strength of the optimized members followed a general trend, where increasing the 368 
level of eccentricity could always result in a reduction in the efficiency of the optimization. 369 
 370 
Fig. 6. Strength ratios of the 1000 mm beam-column members with different optimized cross-sections 371 
over the standard section  372 
 373 
Fig. 7. Strength ratios of the 2000 mm beam-column members with different optimized cross-sections 374 




Fig. 8. Strength ratios of the 3000 mm beam-column members with different optimized cross-sections 377 
over the standard section 378 
    379 
Fig. 9. Average capacities of the optimized beam-column elements to the standard Z section under 380 
different load eccentricities and with 1000, 2000 and 3000 mm length 381 
The variations of the web height of the optimized cross-sections (ℎ) and standard Z section (ℎ𝑠𝑡𝑎𝑛 =382 
200 mm) are shown in Figs. 10, 11 and 12 for the members with different length. The ratio of ℎ/ℎ𝑠𝑡𝑎𝑛 is 383 
varying from 0.35 to 0.9, 0.42 to 0.77 , and 0.47 to 0.69 for the beam-column members with 1000, 2000 384 
and 3000 mm length, respectively. This indicates that the optimum cross-sectional shapes of the short 385 
members (i.e. 𝐿 = 1000mm) varied more significantly compared to the other lengths by changing the 386 
imposed practical constraints (i.e. number of rollers and lip strips) and the applied eccentricity (𝑒). This 387 
can be attributed to the fact that for the short elements different cross-sectional instabilities can govern 388 
the design. Figs. 10, 11 and 12 also demonstrate that, in general, the height of the beam-column cross-389 
sections increased by increasing the level of eccentricity. This is referred to the fact that increasing the 390 
eccentricity leads to a higher value of major axis bending moment (i.e. x-axis), hence the optimization 391 
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process tends to adopt a cross-section with a larger web height to provide a higher moment of inertia.  392 
 393 
Fig. 10.  Comparison between the web heights of standard Z and optimized cross-sections for the beam-394 
columns with 1000 mm length 395 
 396 
Fig. 11.  Comparison between the web heights of standard Z and optimized cross-sections for the beam-397 
columns with 2000 mm length 398 
 399 
Fig. 12.  Comparison between the web heights of standard Z and optimized cross-sections for the 400 
beam-columns with 3000 mm length 401 
The relationships between the warping constants of the optimized cross-sections 𝐶𝑤 and the standard 402 
Z section 𝐶𝑤,𝑠𝑡𝑎𝑛 are illustrated in Figs. 13, 14 and 15 for the members with 1000, 2000, and 3000 mm 403 
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length, respectively. The results demonstrate that the warping constants of the majority of the optimized 404 
sections are noticeably increased (by up to 108 %) compared to the standard section. It is also shown that 405 
the ratio of 𝐶𝑤/𝐶𝑤,𝑠𝑡𝑎𝑛 significantly fluctuated for the members with the short length (see Fig. 13), 406 
however, this ratio can be approximately considered to be constant for the long length elements 407 
(𝐶𝑤 𝐶𝑤,𝑠𝑡𝑎𝑛⁄ = 1.8). This implies that the optimized cross-sections for the short beam-column members 408 
(i.e. 𝐿 = 1000mm) experienced different buckling modes, and therefore, their optimum shapes and 409 
consequently warping constants were considerably different with those obtained for the medium and 410 
long length elements (see Tables 1 and 2).  411 
 412 
Fig. 13.  Comparison between the warping constants of standard Z and optimized cross-sections for the 413 
beam-columns with 1000 mm length 414 
 415 
Fig. 14.  Comparison between the warping constants of standard Z and optimized cross-sections for the 416 




Fig. 15.  Comparison between the warping constants of standard Z and optimized cross-sections for the 419 
beam-columns with 3000 mm length 420 
4 Finite Element modelling 421 
The purpose of this section is to validate the accuracy of the adopted optimization process based on 422 
DSM predictions and develop efficient analytical tools for the design and assessment of CFS beam-column 423 
elements. To this end, detailed nonlinear Finite Element (FE) models of the standard and optimized beam-424 
column elements are developed using ABAQUS 6.14 software [41] by taking into account material 425 
nonlinearities and geometrical imperfections. It should be noted that the modelling techniques utilized in 426 
this paper, including the material behaviour, boundary conditions, the contact interaction, the analysis 427 
method and the meshing, are based on the models adopted by Yu and Schafer [48] and Ye et al. [31, 33], 428 
which have been extensively validated against experimental results for both column and beam elements.  429 
4.1 Material modelling and imperfections 430 
To model the material properties of the beam-column members, the bi-linear stress-strain behaviour 431 
of steel plate proposed by Haidarali and Nethercot [49] was used, as shown in Fig. 16. This model is 432 
expressed in terms of elastic modulus (𝐸), the 0.2% proof stress (𝜎0.2), the total strain at 𝜎0.2 (𝜀0.2), and 433 








)𝑛𝑠               𝑓𝑜𝑟 𝜎 ≤ 𝜎0.2
𝜀 = 𝜀0.2 +
100(𝜎−𝜎0.2)
𝐸
              𝑓𝑜𝑟 𝜎 ≥ 𝜎0.2
                                                                                                         (22) 435 
In this study, the elastic modulus and the 0.2% proof stress of the CFS material were taken as 𝐸 = 210 436 
GPa, and 𝜎0.2 = 350 MPa, respectively. In addition, 𝑛𝑠 was selected equal to 28 as recommended by 437 




Fig. 16. Bi-linear stress-strain behaviour of CFS material used in FE modelling 440 
The geometrical imperfections were predicted using elastic eigenvalue buckling analysis, available in 441 
ABAQUS library [41]. The general shape of the dominant buckling mode, which can be either local, 442 
distortional, or global, was incorporated into the CFS elements and then scaled to the particular 443 
amplitude. The amplitude of imperfection for global buckling, which is in the shape of a half-sine wave, is 444 
taken as L/1000 (where L is the beam-column length) [27]. Based on the work conducted by Schafer and 445 
Pekӧz [51], the local and distortional buckling amplitudes were selected equal to 0.34t and 0.94t, 446 
respectively, corresponding to a Cumulative Distribution Function (CDF) value of 50%. 447 
It should be noted that the effects of residual stresses and strain hardening of the round corners were not 448 
taken into account in the numerical models. While considering strain hardening of the round corners and 449 
the effects of the residual stresses may lead to slight changes in the ultimate capacity of the CFS elements 450 
[31, 33], it has been previously shown that they generally have opposite effects, and therefore, their 451 
influences should be either modelled or cancelled out together in thin-walled open sections [51, 52]. 452 
4.2 Element type, meshing, loading and boundary conditions  453 
The CFS beam-column members were modelled in ABAQUS [41] using the S4R element, which is a 4-454 
noded quadrilateral shell element with reduced integration, while an 8-noded linear brick solid element 455 
with reduced integration and hourglass control (C3D8R) was utilised for modelling of end-plates. 456 
Following comprehensive mesh sensitivity analyses, a size of 10x10 mm was chosen for the mesh as a 457 
further mesh refinement could not noticeably change the results.  458 
Fig. 17 shows the developed FE model of the beam-column element with the imposed loading and 459 
boundary conditions. The supports at the two ends of the specimen were simulated using 30 mm thick 460 
end-plates by coupling the nodes at each end-plate to the reference point defined on the end-plate 461 
surface. While the centroid of the anti-symmetric cross-section was located on the centroid of the end-462 




the end-plate in Y-direction (see Fig. 17). The axial compression load is applied to one end of the 464 
specimen (i.e. reference point) in a displacement control manner. A node-to-surface contact between the 465 
specimen and the end-plates was used to define the interaction of end sections and end-plates. The 466 
combined contact behaviour of “hard” and “rough” available in ABAQUS library was employed in the 467 
normal and tangential directions to avoid penetration of the surfaces into each other and restrain any 468 
tangential slip between the specimen and the end-plate. The presence of friction prevented the end 469 
sections from lateral expansions caused by Poisson effects. In this study, nonlinear inelastic post-buckling 470 
analysis was performed by using the standard RIKS arc-length method, available in Abaqus library [41], to 471 
estimate the capacity of the selected beam-column elements. 472 
It should be noted that warping was restrained in the developed FE models since it is challenging to 473 
obtain the capacity of the beam-column elements with the free warping condition through FE simulation. 474 
However, the effect of warping was neglected in Section 3, where the capacity results have been 475 
predicted using DSM equations. This is due to the fact that the signature curve obtained from CUFSM 476 
software [42] is mainly established for the warping free elements. Previous experimental and analytical 477 
studies [53, 54] revealed that restrained warping boundary conditions lead to an increase in critical elastic 478 
distortional buckling of the CFS columns (𝑃𝑐𝑟𝑑) due to the shortening of the half-wave length, while the 479 
critical elastic local buckling (𝑃𝑐𝑟𝑙) remains unchanged. This strength enhancement can be taken into 480 
account through a boosting factor recommended by Moen [54]. In another study, Rajkannu and 481 
Jayachandran [55] modified the strength equation in DSM for global buckling of the axial compressive 482 
element (𝑃𝑛𝑒) to consider the effect of restrained warping.  483 
In this study, to address the above issue, the results of FE are compared with the results of DSM equations 484 
in which the elastic critical buckling load and bending moment were obtained from Nonlinear Elastic 485 
Buckling analysis on the restrained warping FE models. This leads to a more reasonable comparison 486 
between the results of FE and DSM as the restrained warping condition is reflected in both predictions. 487 
The FE model shown in Fig. 17 was adopted for this purpose, except that equal and opposite compressive 488 
load and bending moment were applied to both ends of the end-plates to achieve elastic critical buckling 489 
load (𝑃𝑐𝑟
𝐹𝐸) and bending moment (𝑀𝑐𝑟
𝐹𝐸), respectively. Depending on the dominant buckling mode shape 490 
obtained from FE elastic buckling analysis, either the local or the distortional DSM equation was adopted 491 




Fig. 17. Applied loading and boundary conditions of the beam-column member 494 
 495 
4.3 Comparative FE and DSM results  496 
4.3.1 FE vs DSM 497 
Tables 3 and 4 list the FE elastic critical buckling load (𝑃𝑐𝑟
𝐹𝐸) and bending moment (𝑀𝑐𝑟
𝐹𝐸), and maximum 498 
capacity obtained from DSM (𝑃𝐷𝑆𝑀) and FE (𝑃𝐹𝐸) for eleven selected optimized cross-sections as well as 499 
the standard Z section with the short and long length (L=1000 mm and 3000 mm) and two different 500 
eccentricities (e=0 and 30 mm). In general, the results obtained from DSM are shown to be acceptable for 501 
both short and long beam-column members with the average error less than 14%. It can be also noted 502 
that the average error for the aforementioned cases shows slightly higher values for the beam-columns 503 
having higher load eccentricity. The ranges of strength ratios obtained from FE results to DSM predictions 504 
(𝑃𝐹𝐸/𝑃𝐷𝑆𝑀) vary from 0.88 to 1.34, and from 0.9 to 1.41 for the short beam-column with 𝑒 = 0 mm and 505 
𝑒 = 30 mm, respectively. These ranges change from 0.8 to 1.17, and from 0.76 to 1.10 for the long beam-506 
columns with the same axial load eccentricities. This highlights the need for the development of new 507 
approaches to improve the DSM reliability for the irregular shapes, especially for the beam-column 508 
elements under high load eccentricities.  509 
4.3.2 Comparative FE results for optimized sections 510 
The maximum capacities of the optimized beam-column elements to those with the standard Z section 511 
(𝑃𝐹𝐸/𝑃𝑠𝑡𝑎𝑛
𝐹𝐸 ) are presented in Tables 3 and 4 based on the results of the detailed FE models. In general, 512 
the results follow a relatively similar trend as those obtained based on DSM discussed in Section 3. The 513 
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Coupling the nodes of end plate to 
the reference point (RP), where 
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Coupling the nodes of end plate to 




results show that, for the given plate width and thickness, the adopted optimization process could 514 
increase the strength of beam-column members (𝑃) on average 43% and 34% for short beam-column 515 
members with 𝑒 = 0 mm and 𝑒 = 30 mm, respectively. The efficiency of the optimization method 516 
increased to 12% and 19% for the long beam-column members with the same eccentricity levels.  517 
Fig. 18 compares the compressive load versus shortening curves of the 1000 mm beam-column member 518 
with the standard and optimized 10-1 cross-sections for the eccentricity values of 𝑒 = 0 mm and 𝑒 = 30 519 
mm. The results show that the proposed optimization algorithm could significantly increase both the 520 
ultimate capacity and stiffness of the beam-column elements. Fig. 19 also demonstrates the typical failure 521 
mode of the aforementioned CFS beam-column members, which is caused by either local, distortional or 522 
local-global buckling mode. The standard beam-columns under 𝑒 = 0 and 𝑒 = 30 mm eccentric loads 523 
failed in local followed by distortional buckling modes, which are consistent with the failure modes 524 
predicted by CUFSM [42] (see Table A.1). However, distrortional buckling mode was observed to be 525 
dominant for the case of the corresponding optimized beam-column elements. In general, the results of 526 
this study indicate the adequacy and reliability of the proposed optimization framework as a practical tool 527 
for more efficient design of CFS beam-column elements. 528 
Table 3.  Comparison between the strength of 1000 mm CFS beam-column optimized and standard 529 
members with different eccentricities by considering fixed-warping boundary conditions. 530 
Section 
shape 
e=0 mm e=30 mm 
𝑷𝒄𝒓
𝑭𝑬 𝑴𝒄𝒓









8.9 2.8 38.4 50.1 1.30 1.00 8.9 2.8 30.0 40.1 1.34 1.00 
4-1 37.1 1.9 65.0 87.2 1.34 1.74 30.8 2.2 36.1 50.7 1.41 1.26 
6-1 78.8 3.5 84.6 76.0 0.90 1.52 90.4 5.6 56.5 50.8 0.90 1.27 
6-2 32.2 1.5 46.8 52.3 1.12 1.04 44.7 4.0 39.2 41.6 1.06 1.04 
8-1 116.8 5.7 96.5 85.1 0.88 1.70 111.0 9.1 58.3 66.8 1.15 1.67 
8-2 110.0 6.2 94.6 91.4 0.97 1.83 67.8 4.8 43.7 47.9 1.10 1.19 
10-1 94.7 6.4 78.4 84.0 1.07 1.68 87.5 7.4 51.7 58.5 1.13 1.46 
10-2 66.8 4.6 67.1 69.3 1.03 1.38 101.4 7.0 54.6 55.7 1.02 1.39 
10-3 38.2 2.4 51.0 54.1 1.06 1.08 94.1 6.3 48.9 52.5 1.07 1.31 
12-1 61.8 4.0 64.7 60.8 0.94 1.21 74.1 7.2 49.4 55.1 1.12 1.37 
12-2 81.4 6.1 73.4 65.1 0.89 1.30 66.0 5.2 45.6 52.8 1.16 1.31 




Table 4.  Comparison between the strength of 3000 mm CFS beam-column optimized and standard 532 
members with different eccentricities by considering fixed-warping boundary conditions. 533 
Section 
shape 
e=0 mm e=30 mm 
𝑷𝒄𝒓
𝑭𝑬 𝑴𝒄𝒓
𝑭𝑬 𝑷𝑫𝑺𝑴 𝑷𝑭𝑬 𝑷𝑭𝑬/𝑷𝑫𝑺𝑴 𝑷𝑭𝑬/𝑷𝒔𝒕𝒂𝒏
𝑭𝑬  𝑷𝒄𝒓
𝑭𝑬 𝑴𝒄𝒓




8.9 2.8 38.5 40.2 1.04 1.00 8.9 2.8 30.0 28.9 0.96 1.00 
4-1 30.3 1.8 60.5 57.5 0.95 1.43 32.9 2.5 36.0 32.5 0.90 1.12 
6-1 38.6 2.3 66.0 55.0 0.83 1.37 41.5 2.7 36.2 30.2 0.83 1.04 
6-2 23.7 1.6 55.3 57.9 1.05 1.44 30.8 2.8 36.6 29.6 0.81 1.02 
8-1 39.1 2.3 66.3 57.1 0.86 1.42 34.5 3.2 40.1 36.1 0.90 1.25 
8-2 34.2 2.7 48.2 42.0 0.87 1.05 36.1 2.9 31.8 33.9 1.06 1.17 
10-1 38.5 2.3 65.9 61.9 0.94 1.54 37.9 3.3 42.9 36.7 0.86 1.27 
10-2 29.2 2.2 44.4 48.0 1.08 1.19 36.3 3.3 39.1 29.9 0.76 1.03 
10-3 24.2 1.9 40.2 43.3 1.08 1.08 35.0 2.9 37.3 32.7 0.88 1.13 
12-1 47.7 2.9 57.1 50.6 0.89 1.26 42.3 3.0 35.9 39.2 1.09 1.36 
12-2 55.3 2.3 61.3 49.1 0.80 1.22 53.0 4.2 38.4 33.7 0.88 1.17 




Fig. 18. Comparison between axial compression load versus shortening curves of the 1000 mm CFS beam-537 
column members with standard and optimized 10-1 sections for two different load combinations: (a) e=0 538 
mm and (b) 30 mm 539 







Fig. 19. Failure modes of 1000 mm CFS beam-column members with standard and optimized 10-1 544 
sections for two different load combinations: (a) e=0 mm and (b) 30 mm                      545 
5 Summary and conclusion  546 
This paper presented a practical optimization methodology for pin-ended anti-symmetric CFS beam-547 
columns members subjected to various combinations of axial compression and bending moment. The 548 
optimization process was carried out using the GA method with respect to the buckling resistance of CFS 549 
beam-column elements determined according to the Direct Strength Method (DSM). Eleven cross-550 
sections with different number of fold-lines (4, 6, 8, 10, 12) and three different element length (1000, 551 
2000, 3000 mm) were considered. The length and angle of the constituent elements of the cross-sections 552 
(i.e. strips) were considered as main design variables, while a range of practical manufacturing and 553 
construction limitations were imposed. Detailed nonlinear Finite Element (FE) models were also 554 
developed using ABAQUS software to validate the accuracy of the adopted optimization process. Based 555 
on the results of this study, the following conclusions can be drawn: 556 
• For the given number of foldings and lip strips, the optimum cross-sectional shapes were affected by 557 
the element length and value of axial load eccentricity. The optimum cross-sections tend to have a 558 
(a)  
(b)  
 Standard   Optimized  
 Standard  
 Optimized  
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more spread shape when the eccentricity increases, especially in the short length elements. It was 559 
also shown that for the medium and long length members the general shape of the optimum 560 
solutions was less affected by increasing the eccentricity due to the dominant behaviour of the global 561 
buckling modes. 562 
• For the given plate width and thickness, the adopted optimization process could significantly increase 563 
the strength of beam-column members with short, medium and long length on average by 62%, 92%, 564 
and 188% compared to those with standard Z section, respectively. It was shown that increasing the 565 
length of the beam-column members generally increased the efficiency of the optimization. The 566 
results also demonstrated that the warping constants of the majority of optimized sections were 567 
noticeably increased (up to 108 %). 568 
• By increasing the number of lip strips, the optimized results for long beam-columns could be 569 
generally improved, while this was not necessarily the case for the short and medium length 570 
elements. This implied that increasing the number of lips in the optimum sections increased the 571 
global buckling resistance, which governed the results in the long length elements. 572 
• The optimum cross-sectional shapes of the short members varied more significantly compared to the 573 
other lengths by changing the imposed practical constraints (i.e. number of rollers and lips’ strips) 574 
and applied eccentricity, which can be attributed to the existence of different buckling modes for 575 
these sections. Besides, it was shown that the height of the beam-column cross-sections generally 576 
increased by increasing the level of eccentricity.  577 
• The results of detailed nonlinear FE models showed that the warping restrained DSM predictions 578 
were acceptable for the short, medium, and long beam-column members with the average error less 579 
than 14%. The capacities of the optimized beam-column elements to those with the standard Z 580 
section, in general, followed a relatively similar trend as those obtained based on DSM. This 581 
demonstrates the reliability of the developed FE models as efficient analytical tools for the design 582 
and assessment of CFS beam-column elements. 583 
 584 
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Appendix A 705 
The characteristics of the optimized cross-sections discussed in Section 3 were listed in the following 706 
Tables. 707 
Table A1. Cross-sectional properties, nominal compressive and flexural capacities, and strength of beam-708 








𝐼𝑥      
(mm4) 
𝐼𝑦       
(mm4) 
𝐼1        
(mm4) 


















Z section 200 1823917 121500 1884701 60716 933 39.7 (L) 3.9 (L) 39.7 
4-1 94 486000 631000 1012353 105129 880 65.0 (L) 3.2 (L) 65.0 
6-1 105.7 584000 1090000 1585946 90165 1160 83.8 (L) 3.4 (L) 83.8 
6-2 69.4 244000 1280000 1411227 116624 1012 48.1 (D) 1.7 (D) 42.0 
8-1 138.3 987000 824000 1697357 111331 1486 91.4 (L-G) 5.0 (D) 91.4 
8-2 114.9 686000 929000 1469734 145823 1599 95.9 (L-G) 4.2 (D) 95.9 
10-1 149.2 1148000 727000 1756097 119073 1591 92.6 (L-G) 5.4 (D) 79.4 
10-2 123.5 693000 794000 1312451 174468 1908 66.5 (D) 3.3 (L) 66.5 
10-3 107.9 524000 834000 1182688 175849 1410 46.1 (D) 2.5 (D) 46.1 
12-1 150.3 116000 810000 1857189 120062 1627 50.4 (D) 4.6 (D) 50.4 
12-2 114.4 592000 925000 1353023 164610 1898 72.3 (D) 2.9 (D) 72.3 







Z section 200 1823917 121500 1884701 60716 933 39.7 (L) 3.9 (L) 33.3 
4-1 100.4 534000 504000 939594 99728 840 62.8 (L) 3.5 (L) 52.8 
6-1 144.9 1050000 635000 1585869 99592 1353 74.5 (D) 4.7 (D) 63.9 
6-2 72.2 292000 1300000 1480961 113471 1020 72.7 (D) 2.2 (D) 53.1 
8-1 165 1320000 600000 1824058 107201 1563 83.0 (D) 5.6 (D) 72.0 
8-2 130.9 860000 743000 1442757 160863 1779 80.1 (D) 4.3 (D) 67.1 
10-1 162.3 1300000 670000 1864562 110317 1568 55.4 (D) 5.6 (D) 50.4 
10-2 146.6 1030000 710000 1601432 140151 1831 95.3 (L-G) 4.7 (D) 74.9 
10-3 108 587000 990000 1413026 163217 1704 97.5 (L-G) 3.5 (D) 75.1 
12-1 161.2 1290000 668000 1850417 107736 1526 54.7 (D) 5.4 (D) 49.5 
12-2 150.3 1120000 610000 1590309 144376 1781 48.3 (D) 4.6 (D) 43.6 
12-3 145.6 1060000 674000 1594982 140514 1764 55.1 (D) 5.1 (D) 49.6 
 
 
Z section 200 1823917 121500 1884701 60716 933 39.7 (L) 3.9 (L) 30.6 







6-1 138.4 972000 625000 1496998 100513 1299 85.1 (L) 4.6 (D) 61.7 
6-2 79.2 346000 1180000 1397711 131052 1163 50.7 (D) 2.6 (D) 35.9 
8-1 177.6 1490000 515000 1919629 91232 1431 87.4 (L-G) 5.9 (D) 67.0 
8-2 131.5 866000 713000 1413580 164706 1748 50.0 (D) 4.2 (D) 40.2 
10-1 176 1480000 570000 1950040 102654 1542 53.5 (D) 5.6 (D) 44.8 
10-2 160.1 1280000 540000 1696766 129196 1666 44.6 (D) 4.8 (D) 37.5 
10-3 123.1 700000 754000 1282747 172126 1642 49.9 (D) 3.3 (D) 38.0 
12-1 173.9 1450000 592000 1944390 103317 1552 53.9 (D) 5.6 (D) 45.1 
12-2 160.4 1270000 552000 1691001 128558 1705 48.7 (D) 5.1 (D) 40.7 








Z section 200 1823917 121500 1884701 60716 933 39.7 (L) 3.9 (L) 28.4 
4-1 103.8 557000 496000 944715 108461 956 61.1 (L) 3.5 (L) 39.5 
6-1 159.7 1250000 516000 1676404 92357 1318 85.9 (L) 5.1 (L) 50.9 
6-2 106.7 434000 975000 1265816 144095 1251 68.7 (L) 2.8 (L) 39.0 
8-1 180.3 1510000 545000 1969529 84892 1371 85.8 (L-G) 5.9 (D) 55.0 
8-2 137.6 935000 674000 1450471 159151 1784 50.5 (D) 4.4 (D) 37.4 
10-1 172 1420000 576000 1896313 103163 1529 56.2 (D) 5.8 (D) 43.4 
10-2 166.8 1310000 610000 1814299 110127 1653 85.3 (D) 5.2 (L) 56.8 
10-3 127.3 810000 800000 1447896 159921 1787 85.5 (D) 4.3 (D) 52.7 
12-1 180.3 1530000 511000 1944951 95380 1472 53.8 (D) 6.0 (D) 42.2 
12-2 166.5 1360000 577000 1812107 120975 1724 50.8 (D) 5.6 (L) 39.8 
12-3 156.8 1190000 633000 1700808 122753 1719 93.2 (L-G) 5.3 (D) 57.4 
 710 
Table A2. Cross-sectional properties, nominal compressive and flexural capacities, and strength of beam-711 








𝐼𝑥      
(mm4) 
𝐼𝑦       
(mm4) 
𝐼1        
(mm4) 

















Z section 200 1823917 121500 1884701 60716 933 27.6 (L-G) 1.9 (L) 27.6 
4-1 94.2 496000 788000 1152138 132513 1188 56.6 (L-G) 2.6 (L) 56.6 
6-1 129.1 900000 792000 1544338 148629 1683 54.6 (D) 3.4 (L) 54.6 
6-2 83.9 351000 1036000 1230476 157109 1324 45.4 (D) 2.1 (D) 45.4 
8-1 127.2 864000 751000 1457982 157609 1718 57.2 (D) 3.4 (L) 57.2 
8-2 111.7 548000 775000 1131804 191695 1735 49.0 (D) 2.3 (L) 49.0 
10-1 127.2 860000 793000 1500570 154680 1746 57.6 (D) 3.3 (L) 57.6 
10-2 110.5 512000 750000 1062070 200212 1669 44.7 (D) 2.2 (D) 44.7 
10-3 115.2 539000 658000 985156 211554 1561 36.3 (D) 2.1 (L) 43.6 
12-1 132.9 924000 787000 1562951 149131 1755 56.6 (D) 3.3 (L) 56.6 
12-2 115.1 595000 754000 1157421 191844 1865 59.5 (D) 2.6 (L) 59.5 
32 
 







Z section 200 1823917 121500 1884701 60716 933 27.6 (L-G) 1.9 (L) 24.0 
4-1 92.1 483000 821600 1176888 127636 1135 55.1 (L-G) 2.5 (L) 43.6 
6-1 137.7 1030000 636000 1513476 153097 1648 62.0 (L-G) 3.8 (L) 52.5 
6-2 92.2 428000 960000 1215780 172301 1476 49.2 (D) 2.6 (L) 40.1 
8-1 136.7 1000000 637000 1486339 157352 1703 50.2 (D) 3.8 (L) 43.9 
8-2 123.3 658000 698000 1164839 192386 1826 49.9 (D) 3.1 (D) 42.2 
10-1 139.3 1034000 681000 1562831 151559 1755 51.9 (D) 3.8 (L) 45.2 
10-2 126.6 755000 696000 1269087 181900 1874 61.2 (D) 3.1 (L) 49.8 
10-3 122.9 708000 684000 1204157 187800 1772 49.8 (D) 2.7 (L) 41.1 
12-1 142.4 1046000 730000 1633861 142184 1765 55.9 (D) 3.6 (L) 47.7 
12-2 128.8 766000 664000 1248488 181197 1896 68.0 (L-G) 3.3 (L) 55.0 







Z section 200 1823917 121500 1884701 60716 933 27.6 (L-G) 1.9 (L) 21.2 
4-1 107.2 662000 710000 1231807 139345 1226 58.5 (L-G) 2.9 (L) 40.3 
6-1 143.8 1080000 600000 1535102 146445 1698 60.4 (L-G) 3.7 (L) 44.6 
6-2 99.2 500000 870000 1194610 178388 1534 53.1 (D) 2.9 (L) 37.3 
8-1 144.2 1110000 613000 1578283 146949 1666 47.8 (D) 3.8 (L) 37.7 
8-2 131.4 840000 640000 1300041 177762 1794 66.4 (D) 3.6 (L) 46.9 
10-1 146.7 1140000 637000 1630997 144998 1730 48.3 (D) 3.8 (L) 38.0 
10-2 135.5 901000 677000 1408960 169729 1872 65.7 (D) 3.6 (L) 46.9 
10-3 131 822000 621000 1261632 181812 1791 64.1 (D) 3.6 (L) 45.8 
12-1 147.6 1136000 684000 1682266 138566 1748 53.7 (D) 3.8 (L) 41.1 
12-2 134.2 859000 637000 1319950 176168 1886 52.8 (D) 3.7 (L) 40.1 








Z section 200 1823917 121500 1884701 60716 933 27.6 (L-G) 1.9 (L) 19.0 
4-1 112.6 724000 656000 1239069 140857 1254 57.3 (L) 3.0 (L) 35.3 
6-1 149.1 1170000 516000 1546013 143734 1636 59.7 (D) 3.8 (L) 39.6 
6-2 106.7 628000 822000 1280169 170366 1471 48.4 (D) 3.3 (L) 32.5 
8-1 152.8 1221000 588000 1669968 139503 1723 46.7 (D) 3.8 (L) 33.6 
8-2 137.5 945000 620000 1400364 165019 1766 49.7 (D) 3.7 (L) 34.8 
10-1 154.9 1245000 603000 1711849 136671 1731 47.4 (D) 3.8 (L) 34.0 
10-2 139 971000 640000 1445718 164634 1851 50.7 (D) 3.8 (L) 35.4 
10-3 128.4 793000 651000 1266307 178571 1795 58.6 (D) 3.2 (D) 36.8 
12-1 153.7 1202000 633000 1704202 130861 1663 54.6 (D) 3.7 (L) 37.1 
12-2 139.9 956000 635000 1423999 166534 1899 52.1 (D) 3.7 (L) 35.7 




Table A3. Cross-sectional properties, nominal compressive and flexural capacities, and strength of beam-713 








𝐼𝑥      
(mm4) 
𝐼𝑦       
(mm4) 
𝐼1        
(mm4) 
















Z section 200 1823917 121500 1884701 60716 933 12.3 (L-G) 0.9 (L-G) 12.3 
4-1 97.7 503000 831000 1162524 170845 1525 34.5 (L-G) 1.6 (L) 34.5 
6-1 121.7 776000 685000 1286859 174229 1706 35.2 (L-G) 1.9 (L) 35.2 
6-2 94.8 378000 844000 1027039 195112 1378 38.8 (D) 1.8 (L-G) 38.8 
8-1 126 820000 681000 1328694 172339 1778 34.8 (L-G) 1.9 (L) 34.8 
8-2 114 560000 706000 1059061 207717 1737 42.0 (L-G) 1.9 (L) 42.0 
10-1 123.7 786000 754000 1371155 168842 1806 34.1 (L-G) 1.9 (L) 34.1 
10-2 110.6 515000 718000 1028910 204541 1647 41.3 (L-G) 1.9 (L) 41.3 
10-3 112.1 514000 644000 942461 215352 1554 38.9 (D) 2.1 (L-G) 38.9 
12-1 130.9 900000 775000 1517354 157996 1810 31.9 (L-G) 2.0 (L-G) 31.9 
12-2 112.1 545000 758000 1108111 195580 1756 39.5 (L-G) 1.7 (L) 39.5 







Z section 200 1823917 121500 1884701 60716 933 12.3 (L-G) 0.9 (L-G) 10.8 
4-1 103.5 549000 757000 1126294 179652 1585 36.3 (L-G) 1.6 (L) 29.7 
6-1 125.5 818000 661000 1306869 172854 1732 34.9 (D) 2.0 (L) 29.6 
6-2 104.4 479000 731000 1002682 207098 1538 40.9 (L-G) 1.6 (L) 32.8 
8-1 125.6 823000 685000 1335030 172867 1763 34.9 (L-G) 2.0 (L) 29.6 
8-2 117.3 590000 665000 1047997 206429 1757 41.7 (L-G) 2.0 (L) 34.5 
10-1 131.4 909000 718000 1464370 162745 1799 32.9 (L-G) 2.0 (L-G) 28.2 
10-2 112.8 569000 750000 1120156 199249 1820 40.2 (L-G) 2.1 (L) 33.8 
10-3 118.4 565000 599000 947609 216119 1629 43.6 (L-G) 1.8 (L) 35.3 
12-1 133 905000 733000 1477203 161434 1852 32.6 (L-G) 2.0 (L) 27.9 
12-2 120.8 622000 665000 1090212 197204 1731 39.8 (L-G) 1.8 (L) 32.5 







Z section 200 1823917 121500 1884701 60716 933 12.3 (L-G) 0.9 (L-G) 9.6 
4-1 106.4 572000 717000 1105919 183022 1607 37.0 (L-G) 1.6 (L) 25.5 
6-1 128.3 862000 638000 1327752 172185 1721 34.8 (L-G) 2.0 (L) 25.8 
6-2 107.5 522000 721000 1036218 206864 1640 41.8 (L-G) 1.9 (L) 28.9 
8-1 129.4 866000 673000 1368055 170565 1798 34.4 (L-G) 2.0 (L) 25.5 
8-2 119 605000 640000 1037767 206938 1738 41.8 (L-G) 2.1 (L) 29.9 
10-1 132.4 904000 683000 1422108 165265 1828 33.4 (L-G) 2.0 (L) 25.0 
10-2 121.7 680000 635000 1117814 196935 1786 39.8 (l-G) 2.2 (L-G) 29.1 
10-3 121.7 625000 583000 998270 209663 1635 40.2 (D) 1.9 (L) 28.3 
12-1 131.6 902000 785000 1532270 155411 1816 31.4 (L-G) 2.0 (L-G) 23.8 
34 
 
12-2 122.5 678000 719000 1206469 191181 1877 38.6 (L-G) 2.0 (L) 28.0 








Z section 200 1823917 121500 1884701 60716 933 12.3 (L-G) 0.9 (L-G) 8.7 
4-1 111.2 670000 732000 1227262 174440 1570 35.2 (L-G) 1.7 (L) 21.5 
6-1 132.3 931000 631000 1396127 166150 1711 33.6 (L-G) 1.8 (L) 21.6 
6-2 108.8 541000 696000 1031925 205316 1655 41.5 (L-G) 2.1 (L-G) 26.2 
8-1 133.3 949000 644000 1429846 163312 1728 33.0 (L-G) 1.9 (L) 21.8 
8-2 122.3 659000 627000 1085255 201384 1754 40.7 (L-G) 2.2 (L-G) 26.1 
10-1 136.9 980000 646000 1465675 159786 1797 32.3 (L-G) 2.0 (L) 21.6 
10-2 125.8 742000 618000 1169191 191495 1795 38.7 (L-G) 2.2 (L-G) 25.1 
10-3 122.4 666000 605000 1068405 202736 1715 40.9 (L-G) 2.2 (L-G) 26.1 
12-1 138.1 1001000 731000 1577830 153545 1809 31.0 (L-G) 1.9 (L) 20.9 
12-2 125.9 725000 660000 1199629 185130 1890 37.4 (L-G) 2.2 (L-G) 24.7 
12-3 126.1 674000 597000 1067880 203213 1783 41.0 (L-G) 2.2 (L) 26.1 
 
